The conventional development of a coating system for cutting tools includes a variety of test series with elaborate experimental parameter studies. In particular, experimental investigations of the cutting behavior cause a significant consumption of cost, time and resources. In order to adapt the coating properties to the specific requirements of the cutting process, it is desirable to reduce the experimental effort of coating development by simulation of the machining process. Therefore, the main factors of the thermo-mechanical coating load in machining AISI 4140 were identified by means of 2D FEM chip formation simulations. In order to provide the required thermal and mechanical coating properties for the simulations, CrAlN-based coatings were deposited onto cutting inserts and extensively characterized. Within the simulations, the coating properties were varied between the physical and technological boundaries of CrAlN-based coatings. It was shown that the Young's modulus, the coating thickness and the friction coefficient significantly influence the thermomechanical load and the stress distribution within the coating. Finally, the cutting performance of the coated inserts was experimentally investigated and compared with the results of the simulations. Here, it was shown that delamination of the coating is particularly influenced by coating thickness.
Introduction
A coating specifically tailored to the cutting process can significantly increase the performance of cutting tools [1] . Particularly in the case of dry machining, the cutting tools are exposed to high thermomechanical loads. As an industrially widespread coating for dry machining, monolayer and multilayer hard compound coatings based on (Ti,Al)N are used on cemented carbide substrates [1] . As an alternative to Ti-based coating systems, highly heat-and oxidation-resistant ternary und multinary coatings such as CrAlN, CrAlSiN and (Cr,Al,Y)N are increasingly becoming the focus of research [2, 3, 4] . Despite the high hot hardness and oxidation resistance, CrAlN-based coatings have not yet become established in continuous turning processes. Especially for CrAlN-based coatings the relationships between coating properties and resulting load as well as the wear behavior are not sufficiently known. Furthermore, there are no methods for determining the resulting stresses in the coating during machining. The analysis of the fundamental interrelationship between coating properties and resulting wear in machining with coated cutting tools could enable the development of application-specific CrAlN-based coating systems, which meet the requirements of the dry turning process. In order to reduce the experimental effort within the coating development, simulative approaches are increasingly used [5, 6, 7] . Therefore, in the present paper the influence of various coating properties on the thermomechanical load of CrAlN-coated cemented carbide tools during machining of AISI 4140 is investigated by means of the finite element method. Finally, the simulations are compared with the cutting performance in experimental turning tests.
Coating technology and substrate characterization
CrAlN-based coatings were deposited onto WC-Co cemented carbide inserts (Ceratizit CTS12D, SNUN120412EN) using an industrial PVD magnetron sputter unit CemeCon CC800/9. For the deposition two target concepts were used: On the one hand the CrAlN coatings were deposited by reactive magnetron sputtering of two chromium and two aluminum targets using nitrogen as reactive gas. On the other hand four segmented targets with chromium and aluminum segments were used. Furthermore, CrAlYN and CrAlSiN coatings were deposited by additional use of yttrium and silicon segments, respectively. The properties of the inserts, based on data from the manufacturer, are summarized in Table 1 . To ensure a sufficient coating adhesion the substrates were subject to a pretreatment. This included microblasting, wetchemical cleaning and plasma etching. In order to supply the cutting simulation with accurate thermal properties of the substrate, the specific heat capacity and the thermal expansion coefficient were determined experimentally (Fig. 1) . However, thermal conductivity is based on data from the manufacturer. The specific heat capacity was measured by means of differential scanning calorimetry (DSC) using the calorimeter Netzsch DSC 200F3. Therefore, a section of the insert material was heated from 40 °C to 600 °C with a heating rate of 10 K/min. Sapphire was used as a reference material. The evaluation was done according to DIN 51007. The thermal expansion coefficient was determined according to DIN 51045 by means of dilatometry using a Netzsch DIL 402E dilatometer. Therefore, the change in length was determined after heating a section of the inserts from 20 °C to 1100 °C with a heating rate of 10 K/min. Al2O3 was used as reference material for the correction. A linear function for the thermal expansion was assumed for the simulation. Since high temperatures can occur particularly in the case of dry machining, the values for the thermal conductivity and the specific heat capacity have been extrapolated to 1100 °C.
Coating characterization
The coated specimens were characterized in order to supply the cutting simulation with the physical and mechanical coating properties. Since the influence of the material properties on the thermomechanical load is the focus of this work, the relationship between the parameters of the coating process and the coating properties is not discussed in this paper. The hardness and the Young's modulus of the coatings were obtained from indentation load-displacement data. Here, a positive correlation was found (Fig. 2) . As the Young's modulus increases, the hardness increases degressively. The coating thickness was measured by means of scanning electron microscopy (SEM) of cross-sections of the coated inserts. A total of three measurements were carried out on the flank and the rake face as well as the on the cutting edge rounding. The 3D areal roughness parameters of the coated inserts were measured using the confocal microscope Nanofocus µSurf. In order to characterize the surface topography of the coated inserts the maximum height of the surface Sz and the arithmetical mean height of the surface Sa were determined. Since these parameters involve only the statistical distribution of height values along the z axis, additional functional parameters were calculated from the material ratio curve. This curve corresponds to the cumulative probability density function of the surface profile's height and can be calculated by integrating the profile trace. Here, Sk represents the core roughness of the surface over which a load may be distributed after the roughness peaks of the surface have been removed. Fig. 3 illustrates the dependency between the coating thickness tc and the core roughness depth Sk. It becomes clear, that the core roughness depth increases with increasing coating thickness. Furthermore, compared to the rake face the flank face is characterized by a significantly higher core roughness depth. 
Experimental setup
Experimental orthogonal turning tests were carried out on the CNC vertical lathe Gildemeister CTV400 without coolant. Tubes with a diameter of 100 mm and a wall thickness of 3 mm were machined (cutting width b = 3 mm). AISI 4140 (225 HV) was used as workpiece material. A constant cutting speed of vc = 150 m/min and uncut chip thickness of h = 0.1 mm were used in the investigations. A rake angle of = -6° and a clearance angle of = 6° were applied. In order to stabilize the cutting wedge and to avoid edge chipping an average cutting edge rounding of = 30 μm was used [8] . Process forces were measured by a 3-componentdynamometer Kistler 9129AA. For the detection of the width of flank wear land VBmax a digital microscope Keyence VHX-600 was used. The delaminated coating volume VD was determined with the confocal microscope Nanofocus µSurf. Within this work, a total of 29 different CrAlN-based coatings were investigated. These differed in terms of hardness, Young's modulus, chemical composition and coating thickness.
Finite element modeling
For the simulations, the commercial software SFTC Deform 2D 11.0.2 is applied. In order to calculate the stress distribution, a total of three simulation steps were performed. The procedure is illustrated in Fig. 4 . The first simulation step is based on a thermomechanical coupled 2-dimensional FEM simulation of the orthogonal cut with plain strain conditions. In order to obtain a steady state in terms of process forces, contact length, chip thickness, shear angle and temperature distribution in the primary heat generation zones the process is simulated with an implicit Lagrangian formulation and continuous remeshing. Mesh density windows are applied to control the element size in front of the cutting edge and at the tool tip. Remeshing is induced when the interference depth between tool and workpiece elements reaches 1/3 of the smallest element or the Jacobian determinant becomes negative, which corresponds to a high distortion of the elements due to strong deformation of the workpiece material. For the workpiece elastoplastic material behavior was assumed. The tool was defined as a rigid body. In the first step, only a small area of 1 mm² is used to reduce computation time. In order to ensure a constant heat flow in the direction of the free surfaces of the tool a set temperature of 20 °C is applied to all boundary nodes. This ensures a constant temperature gradient and therefore a continuous heat transfer to the outer edges of the tool. Based on the nodal temperatures of the boundary elements of the tool at the end of the Lagrangian simulation a heat transfer simulation is applied to reach the thermal steady state inside the cutting tool. In order to avoid errors in the calculation of the temperature distribution, the dimensions of the tool were adapted according to the experimental investigation. For both simulation steps the heat transport within the objects takes place by means of thermal conduction, depending on the material-dependent heat conduction coefficient and the local temperature gradient. The heat transfer to the atmosphere is defined by convection and heat radiation. After reaching the thermal equilibrium in the tool, the previously determined nodal forces are used as boundary conditions for the stress calculation. In this step, a linear elastic behavior is assumed for the tool. The coating is modeled using a structured mesh consisting of quadrilateral elements with regular connectivity. This results in better convergence and a higher space efficiency compared to unstructured meshes.
The Johnson-Cook constitutive material model (Eq. 1) is used to simulate the strain , strain rate and temperature T dependent flow stress of the workpiece. A is the initial yield stress (MPa) and B is the hardening modulus (MPa). C defines the strain rate dependency, n is the work hardening exponent and m is the thermal softening coefficient. Tmelt is the melting temperature and Troom is the room temperature. These material constants have a significant influence on chip formation and tool load. Therefore, different parameter sets for AISI 4140 from the literature were compared with the experimental results. The applied parameter sets are summarized in Table 2 . Furthermore, temperature dependent thermomechanical material properties of AISI 4140 are used. The required data was taken from the Deform database and is shown in Table 3 . The simulation model was calibrated with respect to the experimental results, shown in Table 4 . Despite the variety of different coating properties used in the experiment, no significant influence of these properties on the initial process forces as well as the apparent friction factor µapp (Eq. 2) and the measured deformed chip thickness was determined. Therefore, in order to identify a suitable material model, the average value of the experimentally measured apparent coefficient of friction was applied. The comparison of the different parameter sets shows that the material model has a significant influence on the deformed chip thickness and the process forces (Fig. 5) . For the subsequent investigations, parameter set 9 is used. According to Coulomb's friction model, the tangential stress is proportional to the normal stress in the contact area of two bodies, which can be described by the coefficient of friction μ (Eq. 3). Due to its simplicity this model is often implemented in chip formation simulations. However, if the tangential stress at the tool-chip contact reaches the yield stress of the softer material, the resulting shear stresses can no longer increase linearly and the area of validity of the Coulomb model ends. The friction behavior at high normal stresses can be described by the shear friction model (Eq. 4). Contrary to the Coulomb friction, the tangential forces caused by friction are not proportional to the normal forces, but are proportional to the flow stress k of the softer of the two friction partners. The friction factor m can vary between 0 and 1, where m = 0 is equivalent to perfect lubrication and m = 1 corresponds to full adhesion. k m f (4) Compared to the coulomb friction model the shear friction model underestimates the shear stress f for low normal stresses n. Therefore a nonlinear friction model is used (Eq. 5 and 6).
While µ is set to 0.7 for all simulations, different values for the shear friction factor m are applied, representing a different adhesive behavior. The results are depicted in Fig. 6 . As the shear friction factor decreases, the maximum temperature increases on the cutting edge rounding and along the rake face. This can be attributed to the increased sliding velocity of the chip due to less adhesive behavior. In addition, the contact length increases with the shear factor, which leads to an increase of the process forces.
In order to analyze the tool load in dependence of the layer properties, the hybrid model with m = 1 and µ = 0.7 was applied. The fundamental coating properties of CrAlN are varied with respect to physical and technological limits, which are taken from the literature ( Table 5 ). The variation of the coating properties is based on the onefactor-at-a-time method, each factor having three levels. According to the experiments, the coating thickness was varied on four levels (1, 5, 10, 15 µm). 
Results
One of the main influencing factors on the thermomechanical load is the coating thickness (Fig. 7) . At higher coating thicknesses, higher temperatures occur in the contact area and orthogonal to the rake face. This can be attributed to the significantly lower thermal conductivity of the coating compared to the substrate. Furthermore, the temperature gradient between the coating and the substrate increases with higher coating thickness. In the contact area between the chip and the tool the lowest temperatures occur independently of the applied coating thickness on the cutting edge rounding. This is related to the lower sliding velocity of the deformed workpiece material, caused by the material separation in front of the cutting edge rounding. As depicted in Fig. 8 , the probability for coating delamination increases significantly for a coating thickness above 5 µm. Therefore, this value is referred to as critical coating thickness. Coating delamination occurs, in particular, in the region of the cutting edge rounding (Fig. 8A) .
According to the simulation, higher effective von Mises stresses eff occur in the coating-substrate interface, which may lead to a higher probability to delamination wear (Fig. 8B) . Referring to Fig. 9 , which shows the influence of the elastic coating properties on the von Mises stresses and the minimum principle stresses, the stress distribution in the coating is mainly influenced by its Young's modulus. Increasing the Young's modulus induces higher effective von Mises stresses as well as increasing minimum principle stresses. This is associated with the higher resistance to elastic deformation. A similar effect is obtained by increasing the thermal expansion coefficient and Poisson's ratio. However, the stress distribution in the substrate is not affected. Fig. 9 . Influence of the elastic properties on the stress distribution orthogonal to the rake face.
Taking into account the technological limits of CrAlNbased coatings, the thermal conductivity and the specific heat capacity show no significant effects on the coating load and the resulting stresses. Temperature changes of up to 30 °C and stress changes of less than 4 % were determined. However, it should be noted that the thermal conductivity is significantly lower compared to other coatings, resulting in an increased heat accumulation in the coating.
As shown in Fig. 10 , the width of flank wear land VB correlates with the measured core roughness depth Sk. This can be attributed to the increased load carrying capability of the surface at a lower core roughness depth. 
Conclusion
Within the present work, the impact of the coating properties on the coating load and the resulting stress distribution in the tool was analyzed. The following conclusions can be drawn:
-The initial thermomechanical load on the cutting tool surface is mainly influenced by the coating thickness and the adhesion behavior. -The Young's modulus significantly influences the stresses in the coating. The stresses within the substrate are not affected. -The increased probability for coating delamination at high coating thicknesses can be linked to increased interface stresses -With increasing coating thickness, a heat accumulation results due to the low thermal conductivity. Taking into account the temperature dependent hardness, this may lead to a decrease of the resistance to abrasive wear. -High core roughness depths on the flank face lead to higher flank wear.
For future research, it is necessary to not only determine the influence of the coating properties on the thermomechanical load, but also to understand the relationship between the process conditions and the resulting wear, taking into account the progressive wear-related change of the tool geometry in the simulation.
